NOMENCLATURE

C r
Resonant (tank) capacitor. Resonant tank characteristic impedance.
I. INTRODUCTION
P
RESENT offshore wind farms use mainly HVac to transmit the energy collected from wind turbines to onshore, while other solutions use HVac up to a large rectifier and then to the mainland through HVdc cable lines. According to [1] , [5] , and [14] , HVdc-connected wind farms could operate with higher efficiency when connected to a medium voltage direct current (MVdc) collection grid. A single line diagram for the wind farm with dc collector grid is shown in Fig. 1 . The motivation stems from the prospect of reducing levelized cost of energy by as much as 3%, by improving the efficiency with 2% and reducing the bill of material costs by at least 1% [1] . In the long term, it is expected that MVdc will compete with MVac for green field distribution networks.
The introduction of dc technology for wind turbines has attracted a lot of interest in both academia and industry, as it promises many features, compared to classic ac solutions. First of all, the traditional low-frequency transformers will be replaced with dc/dc converters that incorporate mediumfrequency transformers, whereas dc cables will replace ac cables. Considerable lower size and weight can be achieved on the magnetic components and cables losses are decreased. Second, dc turbines seem to be the preffered candidate for offshore wind farms located at distances higher than 100 km, mainly due to higher and more constant wind speed. The desired, but challenging component of such a dc turbine would be the MV dc/dc converter, which has to be designed for challenging requirements.
Following paragraphs will discuss important properties for such converters, give a short review of proposed topologies and finally present the proposed dc/dc topology for this application. level converter (MMC) topology is discussed. Considering the cost of developing a new offshore wind turbine, a solution for dc-connection should preferably maximize the reuse of design from existing ac-connected turbines. Hence, the starting point for our work is to maintain the generator and its rectifier that controls generator power (see Fig. 1 ), and only change the electrical circuit from the LVdc bus to the terminals of the turbine, while keeping the same functionalities. In today's ac-connected turbines, the dc/ac inverter controls the LVdc bus voltage by adjusting the output active power and the transformer steps the voltage up. In a dc-connected turbine, the dc/dc converter will contain voltage transformation and control output power, too. To synthesize, the dc/dc converter should have the following properties:
1) ability to control LVdc bus voltage; 2) LVdc to MVdc voltage transformation; 3) high efficiency across operational range; 4) robust and compact design.
B. Wind Turbines DC/DC Converters
Significant research has investigated various dc/dc converter topologies for dc turbines. Selecting an optimal topology is not straightforward, as all the proposed solutions are at an immature technology level both at system and component level, and no substantial experience from full scale detailed design exists.
Candidate circuits can be catalogued into hard-switching versus soft-switching and nonisolated versus isolated topologies. The advocates of nonisolated topologies claim that the design and manufacturing of high-frequency transformers with large turns ratio is difficult, mainly due to core materials costs, complicated cooling and high impact of stray parameters (such as stray capacitance and leakage inductance). Other problems include poor coupling, dielectric losses in insulation, core and windings losses from nonsinusoidal excitation, whereas the distributed capacitance of the winding turns can lower efficiency and prolonge the pulse transition [11] . A number of works has been proposed: [12] and [13] suggest a single-and three-phase topology, for both uni-and bidirectional applications. They employ low-cost thyristors and use variable frequency for control. The topology is similar to a parallel resonant topology, but the high-voltage stress across the semiconductors and resonant tank make it unsuitable for this application. In the same category, switched capacitor topologies where proposed in [14] and [15] , each topology showing soft-switching capability, but require a large number of semiconductors and passive components. In dc turbine application galvanic isolation is preferred, as it will offer increased personal safety and protection. The impact of stray parameters should be indeed considered if switching frequencies are in the range of tens or hundreds of kilohertz, which are specifications for high frequency pulse transformers. With MWand kV-ratings, the transformer excitation is of hundreds of Hz, which may reduce impact of winding parasitic capacitance.
In one of the first works that have studied dc wind farms [5] , the hard-switched full bridge converter was selected as preferred topology, but omitted the study of rectifier voltage overshoot and oscillations caused by transformer parasitic LC circuitry. Deng and Chen [6] attempts a hard-switching three-level neutral point clamped (NPC) connected to the medium-frequency transformer via a passive filter, but efficiency is punished by hard switching.
Further on, isolated soft-switching topologies such as the single active bridge have been proposed in [1] , [8] , and [9] and offer a limited range of soft-switching capability, but also suffer from high voltage overshoots and oscillations, related to the high turns ratio of transformers.
C. Review of SRC Application in Wind Turbines
High availability, efficiency, and power density should be design targets for the dc/dc converter and they can be achieved through the employment of high-power resonant converters, as transformer nonidealities and stray parameters can be incorporated in the resonant tank, making them well suited for highvoltage applications [24] , [25] .
The inspiration comes from traction and solid-state transformer (SST) applications, where demonstrators have been evaluated. Here, the classic series-resonant converter (SRC) has been investigated in [16] - [20] for traction and in [21] - [23] , for SSTs. Operated at constant frequency and in subresonant mode, the topology is known as the half-cycle discontinuous-conductionmode series-resonant converter (HC-DCM-SRC). For these particular applications, the converter basically couples two dc link voltages with a fixed voltage transfer ratio, but has no control possibilities.
For wind turbine application, interesting work was done in [10] , where a three-phase topology was introduced and further compared in [1] to the single and dual-active bridge, promising efficiency above 99%, but without a means of controlling dc-link voltage [see Fig. 2(a) ].
There have been attempts of introducing resonant topologies that could offer control possibility, at this power and voltage level. A candidate solution [see Fig. 2(b) ] was proposed in [26] and it employs a SRC, operated at resonant mode and with constant frequency, whereas a front-end boost converter controls the input dc link, increasing the number of components, complexity, and losses. In [31] , a resonant topology consisting of multiple strings of switch pairs and multiple modules of resonant circuits [see Fig. 2 (c)] is proposed. Daniel et al. [32] has also suggested a per phase approach [see Fig. 2(d) ], based on SRC, while being operated at constant frequency and variable duty cycle. On the other hand, it is not obvious how high efficiency could be obtained with that particular mode of operation as no efficiency study was given.
To achieve high efficiency with possibility of LVdc bus voltage control, this paper proposes the unidirectional SRC. The . With an ideal transformer or very large magnetizing inductance, where magnetizing current is neglected, inverter and rectifier semiconductor will experience ZVS at turn-on and ZCS at turn-off. But, for variable frequency below resonant point of LC tank, the core magnetic flux Φ will vary with the applied volt-seconds, as seen in Fig. 3(c) , implying two aspects: transformer has to be designed for lowest frequency, leading to a bulky and heavy component and saturation will occur below design point. To overcome this, our work proposes a method of operation for the SRC, where variable frequency and phaseshift control in subresonant conduction mode are applied [as seen Fig. 3(d) ] and it is successful only if the resonant tank is placed on rectifier side, as seen in Fig. 2(b) . The topology will be referred as SRC# (see Fig. 4 ), with the ratings from Table I and with a patent application [27] under progress. The suggested topology has the following features: 1) unidirectional power flow; 2) provides galvanic isolation; 3) provides functionality of controlling input LVdc bus voltage; 4) maintains state of the art PMSG and its active rectifier; 5) constant and very high efficiency across entire operational range due to soft commutation of inverter and rectifier devices (ZVS at turn-on and low turn-off current for insulated gate bipolar transistors (IGBTs), ZVS at turn-on and ZCS at turn-off for rectifier diodes); 6) low size and weight due to the medium frequency transformer immersed in oil; 7) rectifier based on inexpensive line-frequency diodes, due to soft commutation and modest conversion frequency. This paper is organized as follows: in Section II, operation principle of the SRC# is introduced, whereas its corresponding conduction modes are described in Section III. In Section IV, simulation results of steady-state operation with the target converter are shown. Section V provides experiment results from a 1-kW prototype, confirming SRC# expected behavior and Section VI concludes on the results.
II. OPERATION PRINCIPLE OF THE SRC#
The SRC with the new method of operation (SRC#) is depicted in Fig. 5(a) and comprises (from left to right) a fullbridge inverter, one monolithic 1:N transformer, resonant LC tank and medium-voltage rectifier. Power flows from V in to V out .
The switch pairs (S1/S2) and (S3/S4) as indicated in Fig. 6(e) , operate at a 50% duty cycle. Commutation of switches on the leading leg (S1/S2) is phase shifted with respect to the conduction of switches on the lagging leg (S3/S4), with a duration δ, equal to half of LC tank resonant period, resulting in a quasi-square excitation voltage, as seen in Fig. 6(a) . The applied square wave voltage passes through the transformer and excites the tank and a resonant tank current i rs starts to flow. After rectification and filtering, it is fed into the medium-voltage network V out . Up to this point, there is no operational difference compared to a constant frequency phase shift control, which is normally applied for operation in super resonant mode, to achieve ZVS at turn on.
Considering the high-power and medium-voltage application in this case, 6.5-kV IGBTs will be employed on the inverter side, whereas 6.5-kV line frequency diodes are used on rectifier side. As the main contributor to the overall losses with IGBT applications are the turn-off losses, subresonant mode is preferred as it allows ZCS or a small current at turn-off [see Fig. 5(b) ] and regardless of switching frequency, during every switching period a full-resonant pulse is sent to the load. This mode facilites ZVS at turn-on and ZCS at turn-off for the rectifier diodes, as seen in Fig. 5(c) . Further on, if the frequency control is implemented, output power is dependent on the amount of energy transfer to the output stage, making it a function of number of energy pulses transferred to the output. Low-frequency operation means lowpower output, whereas high-frequency operation will deliver a high-power output. On the other hand, the disadvantage of operating the SRC with resonant tank on inverter side in subresonant mode and frequency control, is that the transformer needs to be designed for the lowest frequency point and the magnetizing inductance needs therefore to be considered.
The question is now, how can the transformer be operated with the variable frequency and be designed at highest operating frequency, while avoiding saturation at lower frequency. One possible way and with reference to Fig. 6(a) , is to make V g a function of square wave pulses, meaning a pulse with determined length is applied to the inverter, but the distance between pulses varies as a function of output power. As the length of every voltage pulse is fixed, the amplitude of magnetizing current i m will be constant, as seen in Fig. 6(d) . Further on and with reference to Fig. 6(b) , if the applied voltage V g has the same length as the resonant pulse i rs , then frequency control in subresonant mode becomes possible, allowing the design of the transformer for highest operating point. This implies that LC tank resonant frequency F r will be equal or slightly higher than the maximum switching frequency F sw , otherwise operation in subresonant mode is not possible. Power to frequency function is described as
III. SRC# CONDUCTION MODES
Considering that SRC# is operating in subresonant mode, four modes of conduction (two discontinuous and two continuous) will appear under steady-state operation: DCM1, DCM2, CCM1-hybrid, and CCM1. Switching frequency F sw and voltage difference ΔV between primary reflected voltage V g ' (where V g ' = V g · N ) and V o will determine whether the converter operates in one conduction state or another. Discontinuous modes are characterized by the number of half resonant cycles that appear during a half switching period, while continuous modes are characterized by the number of full resonant cycles that appear during a half switching period, according to [28] . A one-cycle operation of SRC# is (regardless of conduction mode) composed of a sequence of linear circuits [T1, T2, D1, D2, Q1, Q2, and X, see Fig. 7(h) ], each corresponding to a particular switching interval. Every linear circuit is determined by switching certain switch pairs, as described in Fig. 7(a)-(g) .
A. Equations for Subintervals
The time domain approach is used to investigate the behavior of the SRC# operated with the variable frequency and phase-shift modulation. From the equivalent circuits, steadystate equations of resonant inductor and capacitor voltage for every mode are derived by Laplace transform. Considering the half wave symmetry of tank variables, the analysis is performed for half cycle of switching period for every mode of operation. Similar to the work of [33] , the circuit behavior of the SRC# under each topological mode can be described using the following differential equations, for subintervals T1, D1, T2, D2, Q1, Q2, P1, P2, and X, where V t is the resonant tank voltage:
By solving these differential equations, expressions for i rs and V C r in each subinterval can be derived, with application of the consistent initial conditions for each subinterval
B. DCM1
With reference to Fig. 8(a) , DCM1 mode can appear in the full switching range and it's possible only if ΔV ≈ 0. Fig. 8(a) shows on top the applied inverter voltage V g , rectifier voltage V o , and secondary resonant current i rs . Middle graph describes resonant capacitor voltage V C r , primary resonant current i rp , and magnetizing current i m , whereas lower graph indicates the transistors (S1 to S4) switching pattern. During this conduction mode, only one half resonant cycle appears during a half switching period. This is the ideal situation for SRC#, as the power to frequency function is linear. This mode is composed of following subintervals T1-X-T2-X. For example, during T1 subinterval [0 to t 1 ] [see Fig. 7(a) ], transistors S1 and S4 are conducting and a full resonant cycle is allowed to pass. During subinterval X [t 1 to t 2 ], all rectifier diodes are reversed biased, as resonant capacitor voltage V C r is smaller than V o and no energy can be transferred. During this subinterval, V C r stays flat. Next subinterval T2 is complementary to T1, but with opposite sign.
C. DCM2
With respect to Fig. 8(b) , principle waveforms for DCM2 are shown. As the name implies two half resonant cycles will appear during a half switching period. This conduction mode can only appear in the interval [0 to F r /2] and if ΔV > 0. Being very similar to DCM1, DCM2 is a sequence of following subintervals: T1-Q1-X-T2-Q2-X, with Q1 and Q2 equivalent subcircuits shown in Fig. 7 (e) and (f). From [t 0 to t 1 ], S1 and S4 conduct and a full resonant cycle is delivered to the load. During this interval, as the resonant current i rs is increasing, resonant capacitor voltage increases too. As soon as the resonant current reaches zero, a phase displacement between S1 and S4 is applied and S1 is no longer conducting. In the following subinterval Q1, a negative resonant current flows through D1 and T3, whereas V C r is slowly discharged, as V C r > V o . When V C r = V o , another X subinterval begins and no device is conducting.
D. CCM1-Hybrid
CCM1-hybrid mode of conduction is described in Fig. 8(c) . The name hybrid is used as very short X subinterval (characterized by zero resonant current) will appear. First of all, this mode can appear in the switching interval [F r/2 to F r ] and if ΔV ≈ 0. It is composed of following subintervals T1-X-Q1-T2-X-Q2. During subinterval T1, resonant current i rs will start at a low turn on current i r (0) and for a period equal to δT sw/2 a resonant cycle is delivered to the load. Next, a X subinterval appears, as V C r ≈ V o . The length of T1 and X equals with δT sw/2 , which is the phase displacement between the inverter legs. Further on, as soon as phase displacement is implemented, a Q1 subinterval will begin and negative resonant current will start to flow. Following T2, X, and Q2 subintervals are complementary, but with opposite sign. Compared to DCM1, the power to frequency relation in CCM1-hybrid is slightly nonlinear.
E. CCM1
Final mode of conduction is characterized by the waveforms from Fig. 8(d) and it is composed of following subintervals: T1-D1-Q1-T2-D2-Q2, with equivalent circuits shown in Fig. 7 . This mode appears only above F r/2 and if ΔV >> 0, showing a highly nonlinear relation between power and switching frequency and it should be avoided as it increases turn-on losses.
IV. STEADY-STATE OPERATION
To illustrate the steady-state operation of the target converter, a PLECS simulation model was run with different switching frequencies, in the range from 0 to 1000 Hz, whereas voltage difference ΔV between input and output voltage was kept to 0.1%, so as to facilitate the operation in DCM1. The results are shown in Fig. 9 , where it is seen that output power is linear to the applied switching frequency. As the converter operates in DCM1, peak resonant current and voltage are constant in the whole operating range. Fig. 9(b)-(d) is zoomed in windows of the principle current and voltage waveforms (primary current i rp , sec- In order to have a constant output voltage, a second dc source is used to supply a load resistor. As long as V g is smaller than V o no power is delivered to load, as it comes only from V o . If for example, the SRC# will deliver 50% of nominal load, then the external dc source will cover the rest of 50%. In this manner it's possible to obtain a constant output voltage without too much effort. The disadvantage is that the resistors are always dissipating nominal power. ondary current i rs , inverter voltage V g , capacitor voltage V C r , magnetizing current i m ) and they also demonstrate how pulse removal technique impacts the magnetizing current, keeping it constant, regardless of applied frequency. Another aspect worthy to mention is that at very low switching frequency F sw < 50 Hz, the converter output current becomes discontinuous, as seen in Fig. 9[(a)-bottom] . In the simulation model, LC tank quality factor Q s was considered infinite, meaning the tank has no resistive losses. In reality, to keep low losses Q s should be higher than 100, meaning very low inductor resistance and capacitor equivalent series resistor (ESR). These factors are part of converter design specifications.
V. EXPERIMENT AND DISCUSSIONS
In order to validate the pulse removal technique, control principles, and protection of the SRC#, a scaled bench-top 1-kW demonstrator was built with specifications, as shown in Table II . 
The circuit diagram is shown in Fig. 10 (a) and experimental setup in Fig. 10(b) . The transformer is designed for a maximum frequency of 1000 Hz, which is the same as the target component, and uses an amorphous core and windings with round wires. This demonstration was tested with operation in DCM mode, as this is the favorable mode of operation. Fig. 11 shows the SRC# characteristic waveforms for DCM1 mode, where
Looking at the principle waveforms from Fig. 11 (left side), it can be noticed that regardless of switching frequency, the magnetizing current is stable and there is no saturation phenomenon. As the transformer windings resistance is high in this case, as compared to the magnetizing inductance L m , the magnetizing current shows a slow decline during the zero voltage period. Measurement of magnetizing current i m was possible with open transformer secondary and overlapped across i rp [ Fig. 11 (right side) ]. Fig. 11 shows the primary-and secondary-resonant current (i rp and i rs ) and applied inverter voltage V g for three different switching frequencies (200, 500, and 800 Hz). It is noticed that during the zero voltage periods, on inverter side the current flowing through one pair of transistor and diodes is the magnetizing current. Another phenomenon observed during the experiments, is the acoustic noise generated, as the converter operates from very low frequency up to 1000 Hz. For elevated power, it is expected the noise to increase and it will require a system to damp the noise.
VI. CONCLUSION
The single-phase SRC with resonant tank on rectifier side and operated with a new modulation scheme is proposed as a candidate for megawatt high-voltage dc wind turbines. The circuit promises high efficiency and low transformer size, due to soft commutation on inverter and rectifier devices. This paper has given a general presentation of circuit operation, conduction modes, governing equations, and sample waveforms. By employing frequency control and phase-shifted modulation below resonant point of LC tank, continuous regulation of power from nominal level to zero is possible. The main principle of proposed method is to clamp the applied voltage to zero as soon as the resonant current becomes zero, limiting the magnetic flux build-up and resulting in a compact and efficient transformer. The circuit will experience four different conductions modes (two discontinuous and two continuous) and they are determined by operating frequency and voltage drop across LC tank. The proposed pulse-removal modulation scheme and the expected conduction modes were implemented and tested on a 1 kW, 250 V/500 V demonstrator. Higher power and voltage ratings are now pursued, where loss segregation and closed-loop control will be investigated experimentally, and published.
